We present recent advances in the understanding of the reduction of optically pure hydroxyalkylphosphinates and phosphine oxides, which represent key intermediates for the preparation of P-stereogenic ligands. Their reduction leads to P-chiral phosphinites and phosphines, respectively, and occurs stereospecifically with inversion of configuration using BH 3 ·THF, which plays three roles: activating, reducing and protecting agent. The formation of by-products as hydroxyalkyl secondary phosphine-boranes has also been studied.
Introduction
The access to P-stereogenic molecules remains an important challenge in organic chemistry, and more precisely in asymmetric catalysis. Indeed phosphorus donor species represent one of the major classes of transition metal ligands, which are widely used for the industrial production of chemicals [1] [2] [3] . The synthetic challenge comes from the mastering of the substitution on phosphorus centers, during the different synthetic steps, in order to obtain configurationally stable trivalent phosphorus ligands with high inversion barrier. Conventional routes to trivalent P-stereogenic architectures consist in stereoselectively producing pentavalent P-stereogenic precursors (i.e. oxidized derivatives), which are air-and moisture-stable. The trivalent P-stereogenic molecules can then be obtained by a final reduction process, which is not trivial due to the strength of the P = O bond, and moreover, can affect the enantiopurity of the final product. Many reagents can reduce the P = O bond with inversion or retention of configuration at phosphorus atom [4] .
Among them, silanes were used for the first time in 1965 by Horner and Balzer [5] on the reduction of P-chiral phosphine oxides (Fig. 1) . With either HSiCl 3 , HSiCl 3 /pyridine or HSiCl 3 /N,N-diethylaniline the reduction afforded stereoselectively phosphines with retention of configuration at the phosphorus center whereas the HSiCl 3 /NEt 3 system gave the phosphine with inversion of configuration.
The direct reduction of phosphine oxides by borane complexes is convenient because it allows the straightforward access to stable and easy to handle borane protected phosphine compounds [6, 7] . Triphenylphosphine oxide reacted with boranes complexes such as amine-boranes and phosphine-boranes to afford triphenylphosphine under harsh conditions (120-180 °C) (Fig. 2) . The relatively high temperature necessary to obtain the deoxygenated compounds in synthetically relevant yields is a major drawback, and moreover, can be prejudicial to the stereoselectivity of the reaction.
However, when the P = O bond bears a tethered alcohol function, the problem can be circumvented. The reduction can notably be achieved by a mixture of HSiCl 3 and BH 3 ·THF complex at room temperature [8] . Kiełbasiński and co-workers [9] [10] [11] reported that phosphine oxides or phosphinate can be stereoselectively reduced at room temperature with BH 3 ·THF complex alone to give the phosphine-boranes or phosphinite-boranes, respectively, in 11-95 % yields (Fig. 3) . This reduction took place with inversion of configuration at the phosphorus center. The low yields were due to a side reaction giving rise to secondary phosphine-borane. The access to chiral hydroxyalkyl tertiary phosphine-boranes is of great interest as these molecules are key intermediates to elaborate chiral phosphine ligands [12] [13] [14] . Therefore Pietrusewicz and co-workers [15] recently generalized the reduction of a large scope of tertiary hydroxyalkylphosphines with borane complexes, and obtained the corresponding phosphine-boranes in low to excellent yields (20-100 %).
Concerning the mechanism of the reaction, they proposed two different modes of activation of the P = O prior to the reduction. We recently confirmed the one proposed by Pietrusiewicz where a first equivalent of BH 3 reacts with the hydroxyl group to generate the alkoxy borane [16] . The latter is then able to activate intramolecularly the P = O bond before more equivalents of BH 3 reduce it. In the case of hydroxyalkyl phosphinates, Kiełbasiński [10] and our group [17] observed the formation of overreduced secondary phosphineboranes. In this paper, we will attempt to clarify the mechanism allowing the formation of these compounds. 
Reduction of chiral hydroxyalkyl phosphine oxides
In the Table 1 , we summarized the results obtained on the reduction of hydroxyalkyl functionalized phosphine oxides (TPO) 1 to hydroxyalkyl functionalized tertiary phosphine-boranes (TPB) 2. We first studied the influence of the amount of BH 3 ·THF on the conversion of the TPO 1a. It appeared clearly that 3 equivalents are sufficient to afford completely the TPB 2a (Table 1 , entries 1-3). Nevertheless we also observed the full conversion of 1a with only 0.33 equiv. of BH 3 .THF, followed by its recovery after hydrolysis (entry 1). The importance of the hydroxyl group was highlighted as the methyl ether 1b failed to react while being placed with 6 equivalents of BH 3 ·THF for 2 weeks (entry 4). The stereospecificity of the reaction was also demonstrated. Indeed enantioenriched TPO 1a-e were reduced to TPB 2a-e with weak loss of enantiopurity (entries 5-8). The reduction occurred with inversion of configuration at the phosphorus atom as demonstrated by XRD and VCD [16] . The influence of the intramolecular distance between the P = O and the OH groups has been evidenced by the difference of reactivity of the TPO 1a and 1c. For the latter (n = 1), the reaction mixture has to be warmed to 50 °C for 72 h to get the TPB 2c in only 56 % yield (entry 6). The substitution on the α-position of the P = O bond with a methyl (entry 7) and a phenyl group (entry 8) afforded lower yields, given that a small amount of secondary phosphine-boranes (SPB) is isolated along with the desired product.
Reduction of chiral hydroxyalkyl phosphinates
Once the preparation of (O-adamantyl)hydroxymethylphosphinate 3a, c-e [17] and (O-menthyl)hydroxymethylphosphinate 3b [18] have been realized, their reduction with 6 equivalent of BH 3 ·THF gave the desired product 4 with satisfactory yields with respect to the selectivity of the reaction. As observed for the phosphine oxides 1, the reduction of phosphinates occurred with inversion of configuration at the phosphorus atom. For the phosphinates 3 the reduction of the two P-O bonds leads to the SPB 5. This overreduced product was always observed by 31 P NMR in various amounts, which depends on the substitution at the phosphorus atom (for 31 P NMR description of 5 see also ref. [19, 20] ). It appears that the increase of steric hindrance of R 2 favors the selective formation of desired product 4 (Table 2, entries 1 and 2). Kiełbasiński and co-workers, during the reduction of various alkoxyhydroxymethylphenylphosphinates with BH 3 -Me 2 S, obtained a higher amount of overreduced compound 5a in ratio (4/5a) of 1/17, 1/4, 1/1.5 starting from MeO, EtO and iPrO phosphinate, respectively [9] . This is consistent with our results obtained with the rigid tertiary alcohol (adamantyl, entry 1), and the less hindered secondary alcohol (menthyl, entry 2). This difference of reactivity was already observed in the nucleophilic addition of organolithium reagent to H-menthylphosphinate and H-adamantylphosphinate which reacted at -80 °C and -50 °C, respectively [17] . In contrast, the increase of the electron donating ability and the bulkiness of R 1 favor the formation of overreduced product 5. Starting from 3a (R 1 = Ph) or 3c (R 1 = t-Bu), a 9.5/1 ratio in 4a or 1.6/1 ratio in 4c were obtained, respectively (entries 1-3). The replacement of a phenyl substituent with an o-MeO-C 6 H 4 substituent slightly modified the yield and selectivity (entries 1 and 4). However, when the steric hindrance of R 1 increased, the selectivity decreased to 5.2/1 with a cyclohexyl substituent, without modifications of the yield, and to 1.6/1 with a tertbutyl group with a yield of only 48 % ( Table 2 , entries 3 and 4). The overreduction seems to be a competitive process, as the amount of SPB 5 did not increase with a longer exposure time to borane. Moreover, as expected, the phosphinite-borane 4 did not react further with borane when being placed in our conditions (harsher conditions are needed to reduce phosphinite-boranes [22] [23] [24] ). Direct attempts to analyze by chiral HPLC the enantiomeric ratio of 5 failed. Nevertheless we could derivatize 5a (P-H) to its analog 5′a (P-Me) by reaction with n-BuLi (2.2 equiv.) and MeI (1.2 equiv.) at -78 °C. Its chiral HPLC analysis revealed the formation of an essentially racemic compound (e.r. = 51.5/48.5).
Mechanistic aspects
Considering the mechanism aspects already treated in previous studies [16] , we aim to propose complementary suggestions, notably concerning the formation of the by-products (Fig. 4) .
The different results obtained with the compound 1a ( Table 1 , entries 1-3, 5) showed the prior deprotonation of the alcohol. This was clearly attested by 31 P and 11 B studies [16] . The result obtained with the compound 1b evidenced the role of the hydroxyl group. The difference of reactivity between the compound 1a and 1c suggests the formation of the ring intermediate (cyclic A) where the P = O is activated. Indeed the reactivity of the P (V)-phosphonium with respect to a nucleophile is very different between a five and a six membered ring. The five membered ring spans easily the apical equatorial position in C to relieve largely the ring strain [25, 26] . Another pathway could be considered starting from the intermediate cyclic A [27] where it is possible to achieve an opening of the five membered ring promoted by the borane to afford the anionic reducing borane B′ (Fig. 5) . Nevertheless we think such a mechanism is less plausible because the neighboring-group participation, involved in the cyclic transition state, does not account for the observed rate differences between 1a (PCH 2 OH) and 1c (PCH 2 CH 2 OH).
In the case of phosphinates 3 (R′ = OR), the five-membered ring intermediate can undergo two apical attacks of the hydride. The attack in line with OR substituent (blue arrow), leads to an unfavorable diequatorial five-membered ring, increasing the ring strain, with the hydride and OR substituents in the apical positions of the trigonal bipyramid B. This process is energetically disfavored. The attack in line with the P-OB bond leads to a favorable pentacoordinated P (V) intermediate C (red arrow) in which the five membered ring is in apical-equatorial position, relieving the ring strain, with the P-OB bond in the apical position. From this state, two pathways are possible. The first one is the cleavage of the P-OB bond mimicking the behavior of the phosphine oxides 3, and allowing the formation of the phosphinite-boranes 4. The second one involves a Berry pseudorotation [28] [29] [30] via the tetragonal pyramid D to afford E where the OR substituent is now in the apical position, and the five-membered ring in a favorable apical-equatorial position, but also, the less apicophilic carbon atom in apical position [31, 32] . The more reactive apical position is then cleaved to afford the zwitterion F, which can react with BH 3 to give the P (V) intermediate G. The latter undergoes apical P-OB cleavage allowing the formation of the achiral phosphonium H, and then the racemic free phosphine I after intramolecular reduction. Its protection leads to the racemic SPB 5. We assume that the steric hindrance of R 4 can prevent the Berry pseudorotation of C. Indeed bulky substituents prefer the equatorial position to avoid the steric repulsion. From this hypothesis, we can expect a higher amount of 4 with the sterically demanding OR for the same Ph equatorial substituent (OAd is more hindered than OMenthyl). We observe for the same OR substituent a decreasing of the ratio 4/5 with stronger electron donating and hindered substituents R″: Ph, o-MeO-C 6 H 4 > Cy > tert-Bu.
Conclusion
In this paper, we summarized the recent work realized on the reduction of hydroxyalkylphosphine oxides and hydroxyalkylphosphinates with BH 3 complexes. The three roles of the boron species as activating, reducing and protecting group has been clearly evidenced. In the case of phosphinates 3, we proposed a possible mechanism allowing the understanding of their reactivity and the formation of racemic secondary phosphine-borane 5. This proposed mechanism is essentially based on the formation of pentacoordinated intermediates by apical attack of hydride nucleophile on a phosphonium and apical departure of the leaving group. The favorable energetic pathway in this mechanism complies with the apicophilicity rule and considers the favorable a-e positions for the five membered ring in a trigonal bipyramidal structure. This mechanism reports on the preferential formation of phosphinite-borane 4. By using this P = O borane reduction method, we can expect the synthesis of new hetero chiral ligands useful for the asymmetric catalysis.
